The first bacterial intron, a self-splicing group I intron, was found to interrupt the thymidylate synthase (td) gene of the Escherichia coli phage T4 (11) . The second and third bacterial group I introns were found to interrupt the aerobic (nrdB) and anaerobic (nrdD [initially named sunY]) ribonucleotide reductases of phage T4 (29, 90) , and another group I intron was soon discovered in the DNA polymerase gene of SPO1, a Bacillus phage (25) . From this (admittedly) small sampling of phage genomes, one might have naively expected that group I introns would be abundant in phage or bacterial genomes, especially since subsequent laboratory experiments demonstrated that group I introns could propagate themselves (by a process called homing) throughout populations of intron-minus alleles with near 100% efficiency (5, 68) . That a similar homing phenomenon had also been previously demonstrated for a group I intron in the large rRNA gene of yeast mitochondria (34) gave additional support to the notion that group I introns should be able to spread efficiently throughout populations. However, this expected outcome has never been realized in natural phage populations; some phage populations harbor many introns, while other related phage populations are strangely lacking in any introns whatsoever (Table 1) . Why do group I introns have an unusual distribution in phage and bacterial genomes, and what potential barriers might exist to prevent their spread?
A similar question might be asked of group II introns in bacteria. Much was made of the initial finding of group II introns in bacteria, as their discovery added fuel to the debate concerning the evolutionary origins of eukaryotic spliceosomal introns (22, 70) which have both structural and functional similarities to group II introns (53, 79, 84 ). Yet, the number of group II introns in bacteria is small, many of which are inferred only from database matches to reverse transcriptases or maturases encoded within known introns (13, 41, 73, 89) , and only two have been shown to splice or be mobile in vivo (48, 49, 55, 80) (Table 2 ). While group II intron homing is mechanistically distinct from group I intron homing, the principle is similar; group II introns home from intron-containing to intronless alleles. Many elegant biochemical and genetic experiments have unraveled the complexities of bacterial group II intron homing (14, 48, 49) , and based on these results, there seems no a priori reason why group II introns should not be able to spread efficiently through populations of intron-minus alleles. The paucity of bacterial group II introns becomes even more perplexing given the recent demonstration of group II intron transposition to novel chromosomal sites (15) . That group II introns are abundant in mitochondrial and chloroplast genomes (52) and present in bacterial genomes but at lower levels (and absent in phages) only adds to the mystery surrounding the lack of group II introns in bacteria, as mitochondria and chloroplasts are typically prokaryotic in genome organization and ultimately are derived from two distinct bacterial lineages. Do similar barriers that prevent group I introns from spreading throughout bacterial populations also apply to preventing the spread of group II introns in bacteria?
WHAT IS INTRON HOMING?
Homing is the process by which group I and II introns spread through a population of homologous (or cognate) intronless alleles (17) (Fig. 1) . Homing is completely dependent on and initiated by intron-encoded proteins, and for group I and group II introns, completion of the homing process relies on hostencoded proteins (for a review, see reference 42). Group I intron homing is initiated by a DNA endonuclease (usually called a homing endonuclease) encoded within the intron itself. Four families of endonucleases were initially identified on the basis of conserved amino acid motifs and structural similarities; they are the GIY-YIG (9, 51), LAGLIDAG (31, 50) , His-Cys box (60) , and H-N-H (28, 83) families (for reviews, see references 3 and 4). However, structural similarities in activesite architecture have recently been found in representative H-N-H and His-Cys box endonuclease crystal structures, suggesting that these two families could possibly be merged into one (39) . Homing endonucleases of all families recognize lengthy DNA sequences (14 to 40 bp) that span the analogous intron insertion site in the intronless allele (4) and mostly introduce a double-strand break (DSB). Since the recognition sequence of the intron-encoded endonuclease is interrupted by the intron, intron-containing alleles are immune to cleavage by their own endonucleases.
In group I intron homing, host-and phage-encoded DNA repair proteins use the intron-containing allele as a template to repair the DSB in the intronless allele, thus copying the intron and its endonuclease gene into the intron-minus allele (Fig. 1) .
In the E. coli bacteriophage T4, two repair pathways, DSB repair (DSBR) and synthesis-dependent strand annealing (SDSA) are implicated in repair of the DSB during intron acquisition (57) . These repair pathways differ in that resolution of the Holliday junction in DSBR results in both crossover and noncrossover products, whereas no Holliday junctions are found and no crossover products are generated in the SDSA pathway.
For group II introns, remarkably, the intron RNA forms a complex with the intron-encoded protein to initiate homing by recognizing a specific DNA sequence (Fig. 1) . The intron RNA is an essential catalytic component of this process (49, 76, 93) . Because group II intron homing can proceed through a reverse-transcribed copy of the intron RNA, the process has been termed retrohoming to distinguish it from endonucleasemediated homing of group I introns, which proceeds strictly through DNA intermediates (16) . And, unlike group I intron homing where the intron-encoded endonuclease is sufficient to promote homing into intron-minus alleles, group II intron homing relies on two functions of the intron-encoded protein in addition to the endonuclease function; maturase, which promotes intron splicing, and reverse transcriptase, which generates intermediates of the retrohoming process (reviewed in reference 43). Whereas in bacteria, group II intron proteins are encoded by self-contained open reading frames (ORFs) with independent promoters (91), in yeast mitochondria, they are produced as fusion proteins with the upstream exon (75) . Subsequent processing of this polyprotein yields a product that initially functions as a maturase to promote stabilization of intron structures necessary for splicing. Splicing of the intron from the pre-mRNA releases an intron lariat that forms a RNP with the intron-encoded protein (43) . This complex binds to the target sequence in the intron-minus alleles where the intron RNA cleaves the sense strand of the DNA at the intron insertion site by a reverse splicing reaction, and the intron becomes covalently attached to the intron-minus allele. Cleavage of the antisense strand is carried out by the endonuclease function of the intron-encoded protein, and the 3Ј end serves as the primer for cDNA synthesis by the reverse transcriptase function of the intron-encoded protein using the integrated intron as the template (92) .
It is at this point in the homing process where bacterial and yeast mitochondrial group II homing can potentially differ (Fig. 1) . Retrohoming of the Lactococcus lactis Ll.LtrB intron proceeds independent of homologous recombination (14) , whereas the yeast introns require recombination (20) . In the bacterial pathway, the intron RNA undergoes a reverse splicing reaction and serves as a template for complete cDNA synthesis (14) . In contrast, and depending on the yeast mitochondrial group II intron, cDNA synthesis may not proceed to the end of the intron, and completion of the retrohoming process is thus dependent on the cDNA invading the intron donor allele and on homologous recombination between the donor and recipient alleles (20) . Recombination results in coconversion of flanking exon sequences, a result not observed in the bacterial retrohoming pathway.
WHERE ARE GROUP I AND II INTRONS FOUND?
Although group I and II introns are found in a diverse phylogenetic sampling of bacteria and phages, both exhibit an unusual genomic distribution (Tables 1 and 2 (21) . Although the interrupting sequence can be folded into a secondary structure very similar to group I introns of the IB4 subgroup, typical of organellar rRNA introns and atypical of bacterial tRNA introns, there is no evidence for splicing in vivo as assayed by reverse transcription-PCR. The single example of a When known, endonuclease names are given (e.g., I-TevI). "Fragment" refers to a truncated ORF, and "None" means no ORF was present in the intron. Endonucleases are also identified by which family they belong to (GIY-YIG, H-N-H, His-Cys Box, or LAGLIDAG).
b For the majority of group I introns, evidence for splicing is based on in vitro assays. Only a few introns have been shown to be mobile in vivo. (45) . Second, the converse is true for phage-encoded group I introns; these introns are always found interrupting proteincoding genes, never structural RNA genes (some phages carry tRNA genes). Furthermore, most group I phage introns interrupt highly conserved protein-coding genes, many of which are involved in some aspect of DNA metabolism. This discovery prompted speculation that the function of phage introns might be the regulation of DNA metabolism, thus accounting for their retention in size-constrained phage genomes (25, 81; see below).
Third, homing endonucleases are typically encoded within phage group I introns, not in chromosomal group I introns, with two exceptions. The first exception is the tRNA fMet intron of Synechocystis that contains an ORF that potentially codes for a small basic protein not similar to any known endonuclease (6) , and the second is a LAGLIDAG endonuclease ORF within the S. negevensis Z T 23S rDNA insertion (21) . However, in spite of the tendency for phage introns to encode endonucleases, not all phage introns do, and some appear to have remnants of ORFs, evidenced by the phage T4 nrdB intron (19) and the Bacillus phage ␤22 thymidylate synthase intron (1) . Perhaps the best example of endonuclease-lacking phage introns is found in the Staphylococcus phage Twort; three group I introns interrupt a late-transcribed gene (ORF142) of unknown function, and none of them code for endonucleases (44) . Generally then, phage introns that interrupt highly conserved protein-coding genes code for homing endonucleases, whereas bacterial chromosome-encoded group I introns interrupt tRNA genes and do not code for endonucleases.
Although there are fewer known examples of group II introns than of group I introns in bacteria, one trend is immediately clear: most group II introns are inserted in, or associated with, other mobile genetic elements (23, 32, 48, 56, 59, 80) ( Table 2 ). The best studied bacterial group II intron, the Ll.LtrB intron of L. lactis ML3, is inserted in the conjugative relaxase gene essential for transfer of the plasmid pRS01 (56) . The same intron, but designated IntL, was discovered independently in a chromosomally encoded gene, mobA, required for conjugation in L. lactis 712 (80) . Another group II intron, RmInt1, is inserted within an insertion sequence of the IS630-Tc1/IS3 retroposon superfamily that is found on a plasmid, pRmeGR4b, of Sinorhizobium meliloti (48) . Four group II introns have been identified in isolates of the E. coli ECOR collection, and all of them are associated with some form of mobile DNA (23, 36) . Two introns from distinct ECOR isolates are inserted at different positions within the mobile Hinc repeat of Rhs elements. A third E. coli intron, found in two different ECOR strains, is inserted within a sequence that is very similar to IS3411, and the fourth intron is inserted in an ORF of unknown function but is related to an ORF encoded by T-DNA of Agrobacterium tumefaciens.
DISTRIBUTION OF GROUP I INTRONS IN PHAGE POPULATIONS
It is perhaps ironic that self-splicing group I introns were discovered as a property of T-even phages of gram-negative bacteria, for gram-negative bacterial phages are where group I introns are least abundant (18) . Apart from the td, nrdD, and nrdB introns in T-even phages, no other group I introns have been discovered in any gram-negative bacterial phage. Conversely, group I introns are more abundant in phages of grampositive bacteria (1, 24, 25, 26, 45, 54, 61) , exemplified by the Staphylococcus phage Twort, which possesses at least five introns (44) . While it is tempting to generalize about group I intron distribution in phages, it is worth noting that only two detailed studies have been performed; one concerned with distribution of the three T4 introns in related T-even phages (18) and the other concerned with the distribution of a lysin intron in Streptococcus thermophilus phages (24) .
Phage T4 is unusual with respect to other T-even phages in that it possesses three group I introns. Two of the three, the td and nrdD introns, are mobile, while the third intron, nrdB, is not (68) . T-even phage RB3 also harbors a nrdB intron very similar to the T4 intron, but the RB3 intron is almost twice as long because it possesses a complete ORF coding for a functional endonuclease (which T4 nrdB does not [19] ). The T4 nrdB intron thus appears to carry a deletion of the ORF relative to the RB3 nrdB intron, but the endonuclease was presumably intact and functional at some point. Other T-even phages are also surprisingly bereft of introns; for instance, phage T6 has only one intron, td, and T2 has no introns (67). (One T2 strain, T2W, harbors both the td and nrdD introns. However, experimental evidence suggests that these introns were inherited during laboratory propagation of T2 and T4.)
In an effort to better understand the distribution of introns in natural T-even phage populations, Eddy screened 32 phages, a number of which were novel isolates of mammalian fecal matter from the Denver Zoo or from clarified sewage samples of city water treatment plants (18) . The results are surprising. Using a combination of GTP labeling of RNA, primer extension sequencing, and PCR fingerprinting, Eddy was able to detect a total of eight intron occurrences in all phages examined. In phage isolates from which PCR products were obtained, the nrdD and nrdB introns appear to be very rare, present in only 1 of 30 and 2 of 31 phages, respectively. However, the td intron is more widespread, present in 5 of 22 phages from which a thymidylate synthase gene could be amplified. Also, Eddy found that every phage isolate except one could infect at least four E. coli strains differing in cell surface receptors. Thus, it seems unlikely that the paucity of introns in T-even phages is due to lack of opportunity of intron-carrying phages to infect similar host cell populations as intronless phages.
The second detailed study of group I intron distribution reaches a somewhat different conclusion than that of the above survey (24) . S. thermophilus is an economically important bacterium for the dairy industry, and as such, its phages have been subject to much study. Five independent phage isolates have been completely sequenced, allowing a detailed PCR survey of related phages for the presence of introns. Foley and coworkers initially found a self-splicing group I intron, complete with an H-N-H endonuclease ORF, interrupting the lysin gene of phage Sf1 (24) . When they expanded their PCR survey to encompass 61 phages isolated from geographically and ecologically distinct locales, they found that 31 of the phages contained the intron, four of which have deletions within the H-N-H ORF. Thus, it appears that intron spread in this phage population has been much more successful than intron spread in populations of T-even phages.
T-EVEN INTRONS: RECENT ARRIVALS OR LONG-TERM RESIDENTS?
Of the distribution of introns in T-even phages, Eddy (18) commented that "Although variable intron occurrence has been said to imply that the introns are spread through the population by virtue of their mobility, it actually seems somewhat puzzling that these highly infectious introns do not occur in most or all T-even isolates." What then accounts for the sporadic and limited distribution of introns in the T-even phage family? One argument is that the introns have only recently arrived in T-even phages and have not yet had sufficient time or opportunity to spread throughout other T-even phages. However, we present the following points supporting an alternative view that the T4 introns have been present for a significant period of time in the T-even population (2) .
First, expression of the three T4 intron-encoded ORFs is tightly regulated (30) . All three intron-containing genes are expressed as early or middle transcripts from promoters upstream of the respective genes, but translation of the intron endonuclease gene from the pre-mRNA is prevented by the presence of secondary structures that occlude ribosome binding sites. As intron endonucleases are expressed from late promoters found within the introns, these RNA transcripts do not include secondary structures to occlude the endonuclease gene ribosome binding site, thus facilitating translation of the endonuclease. This mode of regulation must be the result of specific adaptation in T4 or in another T-even-like phage, since the highly unusual T4 late promoter sequences are present within the introns themselves. Second, the intron-encoded endonucleases I-TevI, I-TevII, and I-TevIII appear to have adapted to the T-even environment as codon usage is optimized for T4 (82) . Third, both I-TevI and I-TevII, the nrdD intron endonuclease, make predominantly minor groove contacts with their DNA recognition sequences (7, 47) . This mode of DNA contact is likely an adaptation to modified T-even phage DNA, which in T4 contains bulky ␣-and ␤-glucosylated hydroxymethyl cytosine residues in the major groove (46) . These adaptations are counter to the introns and endonucleases being recent arrivals in the T-even phage population.
WHY ARE PHAGE INTRONS IN THE GENES THAT THEY ARE IN?
The startling discovery that phage T4 group I introns were inserted within genes of nucleotide metabolism (thymidylate synthase [td], aerobic [nrdB], and anaerobic [nrdD] ribonucleotide reductases) led to the proposal that the function of these introns was to regulate levels of nucleotide precursors for DNA synthesis through regulation of splicing (81) . This proposal was strengthened by the discovery of another group I intron in a gene involved in DNA metabolism, the DNA polymerase of Bacillus phage SPO1 (25) . Thus, a rationale was provided for the retention of seemingly optional introns in size-constrained genomes subject to pressures of genome streamlining for rapid replication. However, this presumed function for the T4 introns began to lose attractiveness with the discovery that close relatives of T4 lacked introns in these genes (67) , with the (unpublished) experimental observation that T4 introns could be deleted without detectable detriment to the phage (18) , and with the finding that some phage introns do not interrupt genes of nucleotide metabolism (44, 54, 61) .
Why then do phage introns tend to be inserted within highly conserved genes involved in some aspect of DNA metabolism? One possible reason relates to the relatively high specificity of group I intron-encoded endonucleases. In general, homing endonucleases recognize relatively long stretches of DNA (14 to 40 bp) and, depending on the individual endonuclease, tolerate various numbers of nucleotide substitutions within their respective recognition sequences (35) . Yet, homing endonucleases in phage populations are presented with a limited number of potential recognition sequences because phages have relatively small genomes. Small genome size also constrains the phage with respect to number of genes it can ultimately encode, so phages tend to carry genes coding essential functions: proteins involved in replication, transcription, and morphogenesis. Thus, for phage-encoded homing endonucleases, one possible strategy to maximize spread to related phages comes from using conserved nucleotide sequences, which are likely to lie within genes that function in replication and transcription, as recognition sites.
Furthermore, a specific prediction would be that the recognition sites of homing endonucleases are nucleotide sequences corresponding to important functional domains within those proteins, as these sequences are more likely to be conserved between phages. For instance, the recognition sequence of I-TevI, the phage T4 thymidylate synthase intron endonuclease, encompasses 37 bp (7, 8) that includes codons for the highly conserved Arg218, Ser219, Asp221, and Asn229 (E. coli numbering), all of which are functionally critical (10) . Thymidylate synthase catalyzes the reductive methylation of dUMP by 5,10-methylene-5,6,7,8-tetrahydrofolate to produce dTMP and 7,8-dihydrofolate. In the crystal structure of the E. coli enzyme complexed with dUMP, Arg218 and Ser219 form one hydrogen bond each with the phosphate of dUMP. Ser219 and Asp221 are thought to be important for the enzyme's reduced affinity for ribose nucleotides because these residues would sterically hinder binding of nucleotides containing a 2Ј-OH group. In addition, Asp221 and Asn229 each form hydrogen bonds with the pyrimidine ring of dUMP. That other homing endonucleases also have recognition sequences that encompass functionally critical residues can be easily verified as additional structures and mutational data become available.
Intron insertion into essential phage genes also imposes negative selection on the phage to remove the intron, since inexact deletion of an intron from an essential gene may potentially affect codons corresponding to amino acid residues critical for function. Ironically, precise deletion of the intron from an individual phage within a population would provide positive selection for retention of the endonuclease ORF, because the homing site would be regenerated and become a substrate for endonucleases of other phage within the same population. Of course, no hypothesis is bulletproof, and there are already examples of endonuclease-containing introns interrupting genes not involved in replication or transcription (the lysin gene of S. thermophilus phages [24] and the terminase gene of Lactobacillus phage LL-H [54] ). It is possible, however, that these endonucleases are also targeting conserved nucleotide sequences within their respective genes.
HOW DO BACTERIAL INTRONS GET AROUND?
Intron homing is an efficient but confining process that results in the spread and potential fixation of a group I or II intron in a population of intronless alleles. Nevertheless, homing does not promote intron dissemination to nonallelic sites. Intron transposition, however, can do this.
Intron transposition to nonallelic sites has been inferred from well-documented studies for fungal mitochondrial group II introns (58, 77) . Group II intron transposition in bacteria was also inferred from studies on the distribution and insertion sites of an intron in strains of S. meliloti (48) . Recently, Cousineau and coworkers experimentally demonstrated retrotransposition for the first time, showing movement of the L. lactis Ll.LtrB group II intron to novel sites in the chromosome (15) . Unlike retrohoming, retrotransposition can occur independently of the endonuclease function of the intron-encoded protein but is dependent on host recombinase functions. Furthermore, retrotransposition events resulted in introns with various degrees of splicing function, as judged from primer extension analysis of L. lactis RNA isolated from strains harboring novel intron insertions. Given these results, it is curious and surprising that group II introns are not more widely distributed throughout bacterial or phage genomes.
What evidence, if any, exists for group I intron transposition in bacteria? In vitro and in vivo experimental evidence suggests that reverse splicing of group I intron RNA into nonallelic RNA is one possible mechanism of intron transposition (85) . Because as little as 4 to 6 bp of sequence complementarity is required between the intron and target RNA to initiate a reverse splicing event, many potential sites exist within any population of RNA molecules. Indeed, Roman and Woodson (71) have demonstrated reverse splicing in vivo of the Tetrahymena large-subunit (LSU) RNA group I intron into E. coli 23S RNA at 11 novel sites. The abundance of structural RNA transcripts (rRNAs and tRNAs) has led to the suggestion that such RNAs would be preferential targets for reverse splicing and transposition, providing a possible explanation for the prevalence of group I introns in bacterial tRNA genes (3). Nevertheless, the limiting step in reverse-splicing-mediated group I intron transposition must surely be reverse transcription of the intron and target RNA and subsequent recombination, given that the requisite reverse transcriptase enzyme activity is not prevalent in many bacterial cells.
The relaxed sequence specificity of some intron-encoded endonucleases may also provide a means by which group I introns could invade new alleles (7, 8) , as DSBs might result from the recognition and cleavage of degenerate versions of homing sites by intron endonucleases. Whether the same pathways that repair DSBs in allelic homing events could repair DSBs generated at nonallelic sites is determined by the amount of homology between flanking exon sequences. Detailed studies on the homology requirements for T4 td intron homing suggest that efficient homing is supported by exon homologies of 50 bp or greater. However, homing events were still observed with limiting exon homology (10 bp) or when homology is confined to only one exon in T4 phages carrying a mutation in the 3Ј-5Ј exonuclease DexA, which functions to degrade 3Ј tails of DSBs (33, 66) . Illegitimate recombination may be involved in the repair of DSBs with limiting exon homology and thus provide a potential pathway for group I intron invasion at nonallelic sites.
HOW EFFICIENT IS INTRON TRANSPOSITION?
One factor that must influence intron dissemination in bacteria is the frequency and efficiency of group I and II intron transposition versus the frequency and efficiency of homing. Homing is an extremely efficient process, driven in part by the high affinity of group I intron endonucleases or group II intron RNP complexes for their respective recognition sequences, resulting in near 100% conversion of recipient intron-minus alleles to intron-plus alleles. In contrast, transposition is an infrequent process due, in part, to the reduced affinity of intronencoded proteins for variants of their recognition sequences and to heterology between intron-containing and intronless alleles. Furthermore, for phage-encoded endonucleases, whose expression is temporally restricted (30) and of low abundance, opportunities for transposition are probably rare.
Intron transposition, whether mediated by reverse splicing or by an endonuclease, places the intron in a nonnative environment, with potential effects on intron splicing. For instance, although the Tetrahymena LSU RNA group I intron can reverse splice into novel sites in E. coli 23S RNA, the forwardsplicing efficiency is 10-fold lower than from its natural site (72) . Likewise, group II intron transposition to novel locations in L. lactis resulted in forward-splicing rates lower than those observed from the intron's natural splice junction (15) . These results suggest that RNA sequence and structure can potentially influence sites at which transposition events result in splicing-competent introns.
WHAT MIGHT SELECT AGAINST INTRON INSERTION INTO CHROMOSOMAL GENES?
Without exception, group I introns found in bacterial chromosomes are never inserted in protein-coding genes (Table 1) . Why is this so? One possibility immediately comes to mind, which has been suggested by others (11, 62, 78, 81, 86) . In bacteria, unlike eukaryotic nuclei, transcription (hence splicing) and translation are coupled. For introns that encode endonucleases and thus exceed 1,000 bp in length, the ribosome is positioned over the 5Ј splice site of the intron RNA before RNA polymerase has reached the 3Ј splice site. Movement of the ribosome into the intron may prevent formation of helices that stabilize the catalytic core of the intron and potentially delay splicing of the intron (63) . Group I introns inserted in phage protein-coding genes have overcome this problem by the presence of a stop codon almost immediately after the start of the intron sequence at the 5Ј splice boundary (or no further than structural element P2) (11, 82) . Presumably, this stop codon acts to release the ribosome from the RNA, thus freeing the intron RNA to fold into a catalytically active structure. Ironically, the ribosome may also aid in the folding of the intron core by preventing spurious secondary or tertiary interactions between sequences in the 5Ј exon and intron RNA (78) . Introns inserted in tRNA or rRNA genes do not face this problem of coupled transcription and translation, which may account for the prevalence of group I introns in bacterial tRNA genes.
Nikolcheva and Woodson have shown that group I introns are potentially toxic to bacteria because of possible inhibition of ribosome formation by the intron RNA (62) . Using a heterologous system in which a splicing-defective Tetrahymena rRNA group I intron was inserted into the analogous position of the E. coli 23S RNA, they demonstrated that unspliced 23S RNA accumulated in 50S ribosomes, and these complexes failed to assemble complete 70S ribosomes. In addition, using intron constructs competent for splicing, spliced intron RNA remained noncovalently attached to the 50S ribosome particle, probably through interaction of the intron internal guide sequence with the splice junction in 23S RNA. This association was correlated with slow growth of bacterial strains harboring the group I intron. Thus, there may be strong selection against group I intron insertion into rRNA genes in bacteria.
DOES NONSPECIFIC ENDONUCLEASE ACTIVITY INFLUENCE INTRON DISTRIBUTION?
Ironically, the very same relaxed sequence specificity of group I intron endonucleases that affords them the ability to bind and cleave variants of their recognition sequences may limit genomic retention because of the potentially toxic effects of extraneous DSBs in the host chromosome. One of the more curious observations concerning bacterial group I introns is that, with one experimentally demonstrated exception, endonuclease-containing introns are not found in bacterial chromosomes (Table 1 ). Yet, the increased genome size of bacteria relative to that of phages could be of benefit only to endonuclease-containing introns, since the number of potential targets, and thus opportunities for transposition, is increased. DSBs generated at ectopic sites on the bacterial chromosome by endonucleases binding to and cleaving degenerate versions of their recognition sequences must be repaired for the cell to survive, and repair is initiated by homoglous sequences on daughter chromosomes. However, laboratory wild-type strains of E. coli lack the proper enzyme activities to efficiently repair DSBs (12) . Furthermore, when grown in minimal medium, potential repair of any DSB in E. coli is further hindered by the lack of multiple chromosomes (38) . Perhaps it is not surprising then that endonuclease-containing introns have been most successful in colonizing smaller, multicopy genomes, such as those found in phages, mitochondria, or plastids.
AMBITIOUS QUESTIONS, SOME ANSWERS, MORE QUESTIONS
One problem in attempting to provide reasons for the current genomic and phylogenetic distribution of group I and II introns in bacteria is that there is no expectation as to what intron distribution should be. Efficient homing of group I and II introns in laboratory experiments does not necessarily imply efficient homing in natural populations. Little is known about the dynamics of natural populations of phages (or bacteria) or the frequency of coinfection of the same host cell, factors that surely affect opportunities for intron homing and/or transposition. Studies of intron dynamics at the population level, such as those which highlight surprising differences in group I intron distribution of gram-negative and gram-positive bacterial phages, only emphasize difficulties in applying lessons learned about intron homing from laboratory experiments to natural phage populations. Our view of intron distribution in bacteria is also influenced by laboratory experiments that examine homing events over a limited number of phage or bacterial generations and then the experiments are discarded. Homing events that occur in natural populations must become fixed in bacteria or phages, yet nothing is known about the selective pressures that influence this process.
It is probably correct to state that there is no single reason that can adequately explain the current distribution of group I and II introns in bacteria. Undoubtedly, the number of bona fide group I and II introns in bacteria and phages will increase as more and more prokaryotic genomes are sequenced, as RNA folding and search algorithms become more sophisticated, and as already putatively identified introns are confirmed experimentally. Yet basic questions and observations concerning intron distribution in natural bacterial and phage populations will still apply, and one obvious and exciting future avenue of research is to experimentally address some of the factors that influence intron dissemination in bacteria and their phages.
